Polypeptide and Western immunoblot profiles of subcellular fractions of Treponema denticola ATCC 33520 have been determined by SDS-PAGE of Triton X-100-soluble and -insoluble fractions, a lipopolysaccharide-enriched fraction and purified flagella. Major Triton X-100soluble polypeptides of 72,68,54 and 52 kDa were detected. The 54 kDa polypeptide appeared to be a breakdown product of a larger, heat-modifiable polypeptide. Based on the results of SDS-PAGE analysis and immunoblotting of proteinase K digests of T. denticola, a 'rough' lipopolysaccharide appeared to be present. Electron microscopy has been used to monitor the effect of detergent treatment on the morphology of the organism and to examine the detailed structure of the flagella. Treatment with Triton removed the T. denticola outer membrane, resulting in exposure of the flagella. The flagella were shown to have a complex sheath and core structure and polypeptide composition characteristic of that observed for other treponemes. Polypeptides of 38, 35, 32 and 28 kDa were present in purified flagella preparations. Immunoelectron microscopy, iodine-labelling and Western blotting were used to demonstrate the exposure of antigens on the T. denticola surface. Surface iodination located polypeptides of 72, 68 and 54 kDa. Antiserum raised against whole cells of T. denticola recognized these polypeptides and an additional polypeptide of 52 kDa. These data provide a basis for future detailed molecular analysis of the ultrastructure and antigenicity of T . denticola.
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Treponema denticola structure and antigenicity 321 1 subsequently in Freund's incomplete adjuvant. The immune response was boosted by intraveneous administration of 5 x lo8 bacteria in PBS at weekly intervals. Serum was obtained from the rabbit 10d after the final administration. A rabbit antiserum to intact T. denticola (washed once in physiological saline) was raised by a similar injection schedule but using subcutaneous injections with incomplete adjuvant throughout. Electron microscopy. Whole cells of T. denticola, Triton X -100-treated bacteria and purified flagella were applied to Formvar-coated copper grids and negatively stained with ammonium molybdate as previously described (Cockayne et al., 1987) . In addition, whole cells and Triton-treated bacteria were reacted with polyclonal anti-T. denticola rabbit serum and bound antibody was localized using an immunogold conjugate and previously described techniques (Cockayne et al., 1987) .
RESULTS

Analysis by SDS-PAGE
Silver-stained SDS-PAGE polypeptide profiles of whole cells and subcellular fractions of T. denticola are shown in Fig. 1 . Polypeptides ranging from 110 to 14 kDa were detected in boiled whole cells (lane 3) with major polypeptides of 68,54,42,38 and 35 kDa particularly prominent. The polypeptide profile of whole cells solubilized at 37 "C (lane 1) differed markedly from this profile. Major differences included the presence of a high-molecular mass component (arrow) and the absence of a 54 kDa polypeptide in the profile of unboiled cells.
Ident$cation of surface proteins
Proteins which were exposed at the surface of T. denticola were identified by labelling with 251 using Iodo-beads, which are unable to penetrate cell membranes. The only proteins which were accessible for iodination were of 72, 68, 54 and 52 kDa ( Fig. 2a) . When iodination was catalysed by lactoperoxidase, the same proteins were labelled (not shown).
Selective extraction of T. denticola
The relative ease with which different proteins can be extracted with detergents can give an indication of their location and organization in the organism; the polypeptide profiles of Triton X-100-insoluble and -soluble frac!ions are shown in Fig. 1 (a) , lanes 4 and 5. Major polypeptides of 68, 54, 52 and 40 kDa were detected in the Triton X-100-soluble fraction although a large number of minor polypeptides were also solubilized by this treatment. Two polypeptides of 52 and 40 kDa were found almost exclusively in this fraction, suggesting complete extraction by the detergent. A number of other polypeptides, including one of 72 kDa, were significantly enriched in the Triton-soluble fraction. In addition, a number of polypeptides were detected in approximately equal quantities in both the Triton-soluble and -insoluble fractions, suggesting only partial extraction. Two major polypeptides of 38 and 35 kDa were present exclusively in the Triton-insoluble fraction.
Removal of proteins aids the identification of other cellular components, and treatment of T. denticola with proteinase K resulted in almost complete digestion of the organism (Fig. 1, lane 6) . Two proteinase-K-resistant polypeptides of 1 10 and 90 kDa were detected. In addition, three other silver-staining bands were visible in the molecular mass range 28-18 kDa. A densely staining component, migrating as a broad band almost at the dye front, was also evident.
Analysis of T. denticola by Western immunoblotting
Western blotting was employed to determine which proteins of T. denticola were antigenic and to identify antigens which did not stain with the silver method. Western immunoblots of duplicates of the samples used for silver-staining, reacted with polyclonal rabbit serum raised against disrupted T. denticola, are shown in Fig. 1 (b) . The pattern closely resembled that of the stained gels, indicating that most proteins were antigenic, but in addition three immunodiffuse antigens of 33-31, 28-26 and 24-22 kDa were observed in whole-cell preparations. The distribution of antigenic polypeptides between Triton-soluble and -insoluble fractions closely followed that seen on the silver-stained gel. A major antigenic component migrating as a smear in the range 28-10 kDa was seen in treponemes treated with proteinase K. The serum did not however recognize the densely staining component migrating close to the dye front which was seen on the silver-stained gel. The position of the dye front on Fig. 1 (b) is indicated by the large arrowhead. Similar Western blots reacted with preimmune rabbit serum showed faint reactivity with a small number of polypeptides in the approximate range 60-40 kDa (data not shown).
Antiserum which was raised against intact T. denticola in contrast recognized only four bands, of 72, 68, 54 and 52 kDa ( Fig. 2b) , which corresponded to those labelled with 1251. Treponema denticola structure and antigenicity Composition of periplasmic flagella Two polypeptides of 38 and 35 kDa were detected in preparations of purified flagella (Fig. 1,  lane 7) . The migration of these polypeptides was identical to those of two polypeptides found to be associated with the Triton-insoluble fraction of T. denticola (lane 4). The antiserum to disrupted T. denticola reacted with the major 38 and 35 kDa polypeptides and weakly with two other polypeptides of 32 and 28 kDa in preparations of purified flagella ( Fig. 1 b, lane 7) . None of these flagellar components was recognized by the antiserum to intact cells.
Electron microscopy
Electron micrographs of negatively stained whole cells, Triton-treated T. denticola and purified flagella are shown in Fig. 3 . Whole cells showed typical treponemal morphology, with two flagella inserted at each pole of the cell enclosed within the bacterial outer membrane (Fig.  3 a) . Membrane vesicles and tubular structures were also seen associated with the bacterial surface. These structures are shown at higher magnification in Fig. 3(b) .
Treatment of T. denticola with Triton X-100 removed the outer membrane and released the flagella (Fig. 3c) . Examination of the flagella at higher magnification showed the presence of a distinct sheath and core structure (Fig. 36) . Flagella were seen which had lost a part of the flagellar sheath, exposing the underlying core structure (arrow). Purified flagella are shown in Fig. 3(e) . Again fragments of flagella lacking part or all of their sheaths were visible.
Electron micrographs of whole cells and Triton-treated T. denticola reacted with anti-T. denticola rabbit serum and anti-rabbit immunogold conjugate are shown in Figs. 3 v> and (g), respectively. Antibody was detected at the surface of whole bacteria, indicating exposure of antigen(s) at the bacterial surface. Both the flagella and protoplasmic cylinder reacted with antibody following treatment with Triton X-100. Treponema denticola structure and antigenicity 3215 Fig. 3. Electron micrographs of T. denticola. (a, b) Whole cells; (c) Triton-treated cells; (6) higher magnification of (c) showing flagellum structure; arrow indicates point at which the underlying core structure has been exposed due to loss of part of the flagellar sheath; (e) purified flagella; (f, g) immunogold-labelled whole cells; (f, and Triton-treated cells (g) reacted with rabbit serum to disrupted T. denticola. Bars, 0.1 pm.
DISCUSSION
The data presented here extend previously published reports on the ultrastructure, polypeptide composition and antigenicity of T. denticola. The results indicate both similarities and fundamental differences between T. denticola and the other pathogenic and non-pathogenic treponemes that have been studied. The Triton X-100 solubility of the outer membrane of T. denticola is similar to that previously reported for both Treponema pallidum and Treponema phagedenis (Penn et al., 19856; Cockayne et al., 1987) suggesting the lipid-rich nature of the outer membranes of all three organisms. Exposure of antigens at the T. denticola surface is indicated by our immunogold labelling experiments, which support the earlier findings of other workers who used agglutination (Jacob & Nauman, 1982; Tall & Nauman, 1986) or immunogold-labelling with a monoclonal antibody (Simonson et al., 1988 6) to detect surface exposure of antigens. These findings are in contrast to those for T. pallidum where direct evidence for surface exposure of antigens is still lacking (Bailey et al., 1987) . The electrophoretic behaviour of the proteinase K-resistant antigen suggests the presence of an LPS in the T. denticola outer membrane and this component may contribute to the antigenicity of the T. denticola surface. Unpublished data (J. H. McDougall) indicate that the monoclonal antibody used by Simonson et al. (19886) reacts with this LPS-like moiety. LPS has not previously been reported in T. pallidum but has been observed in T. phagedenis (Van Embden et al., 1983; Bailey et al., 1986) . The LPS in the latter treponeme has a characteristic 'smooth' electrophoretic mobility compared to that seen in T. denticola in the present study which suggests a 'rough' structure.
Protein antigens may also contribute to the antigenic reactivity of the T. denticola surface. Of particular interest are the 72, 68, 54 and 52 kDa proteins which are both accessible for iodinelabelling and are also exposed as immunogens on intact cells. The Triton solubility of three of these polypeptides and the effect of the detergent on the morphology of T. denticola also supports their association with the bacterial outer membrane. We do not yet know why the 40 kDa
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protein is readily extracted but was not detected by 1251 or by the anti-intact-cell serum. The 52 kDa Triton X-100-soluble polypeptide detected in the present study may be identical to a 52 kDa polypeptide previously detected in a sodium desoxycholate extract of T. denticola (Jacob & Nauman, 1982) . The association of this polypeptide with the bacterial surface was inferred from agglutination experiments using antisera raised against such extracts. However, detergent treatment may also release periplasmic components, and definitive evidence for the composition of the outer membrane in T. denticola requires its purification. The ease of cultivation of this organism in uitro, and the relative abundance of the outer membrane in the bacterium, should allow this to be achieved using methods based on standard procedures such as fractionation on density gradients. The isolation and detailed characterization of the outer membrane of T. denticola will be the subject of future research efforts.
Another group of components of interest are the heat-modifiable polypeptides associated with the Triton-soluble fraction. Their anomalous electrophoretic behaviour resembles that of known outer-membrane proteins involved in transport functions at the surface of other Gram-negative bacteria . Heat-modifiable polypeptides have previously been detected in another spirochaete, Spirochaeta aurantia (Kropinski et al., 1987) , and porin activity was detected in a lipid bilayer system using purified outer membranes from this organism. No such studies have yet been done with T. denticola. However, the apparent oligomeric structure of the high molecular mass T. denticola polypeptide, its heat-modifiable nature and apparent relationship to an abundant 54 kDa Triton-soluble, surface-exposed polypeptide, are similar to those described for the porin of S. aurantia. The relationship between the high molecular mass polypeptide, the 54 kDa Triton-soluble polypeptide and outer membrane structure and function in T. denticola is currently being examined further.
In addition, a component of the high-molecular mass heat-labile moeity seen in T. denticola cells solubilized at 37 "C may be analogous to a high-molecular mass disulphide-bonded oligomeric polypeptide, the 4D antigen, observed in T. pallidurn (Fehniger et al., 1984) . In contrast to the 4D antigen however, disulphide bonds do not appear to be involved in the maintenance of the high-molecular mass form of the T. denticola antigen. Similar quantities of the antigen are solubilized by detergent from T. denticola in both the presence and absence of reducing agents, and higher oligomeric forms of the antigen have not been detected to date (data not shown). Similarly, reducing agents do not cause dissociation of the high-molecular mass form of the T. denticola antigen into its constituent polypeptide(s).
An additional similarity between T. denticola and T. pallidurn is suggested by the detection of several immunodiffuse antigens in T. denticola. Antigens of similar heterogeneous electrophoretic mobility have been detected in T. pallidurn (Van Embden et al., 1983) and more recent data suggest that these antigens may be lipoprotein in nature (L. M. Schouls, personal communication).
In contrast to the outer membrane, the flagella of T. denticola appear to be very similar to those of other treponemes in their structure and complexity, and in their location beneath the bacterial outer membrane (Penn et al., 1 9 8 5~; Radolf et al., 1986; Cockayne et al., 1987; Norris et al., 1988) . The detection of a complex sheath and core structure in T. denticola, as previously observed in both T. pallidurn and T. phagedenis, re-emphasizes the fundamental differences between the flagella of the treponemes and those of other bacteria. It should be noted that the integral flagellar shaft structure comprised of more than one polypeptide in this type of 'sheath and core' arrangement is quite distinct from that seen for other complex flagella. A loosely associated sheath, apparently membranous and probably consisting of an extension of the bacterial outer membrane, is present on the flagella of some vibrios and campylobacters (Yang et al., 1977; Geis et al., 1989) . Morphologically complex flagella, consisting of a single flagellin subunit, are also seen in some Rhizobium spp. (Krupski et al., 1985) . The detection of four polypeptides associated with purified T. denticola flagella supports their structural complexity. Based on analogy with flagellar polypeptides of T. pallidurn, it would be expected that in T. denticola the 38 kDa polypeptide would be a sheath component while one or more of the lower molecular mass components would be associated with the core structure. Further ultrastructural and antigenic analysis is required to confirm this suggestion.
Work is currently in progress to analyse further the location, exposure and species specificity of T. denticola polypeptides using monoclonal antibodies, with the aim of identifying components of use in the identification of T. denticola and those of potential significance in the pathogenesis of periodontal disease.
Addendum. During preparation of this paper Umemoto et al. (1989) published an analysis of the outer membrane of T. denticola ATCC 33520 using a monoclonal antibody to a 53 kDa surface-exposed antigen. This work extended their earlier observations on the ultrastructure and antigenicity of T. denticola (Umemoto et al., 1988) . Determination of the exact relationship of the 54 and 52 kDa polypeptides described in the present study with the 53 kDa antigen described by Umemoto et al. (1989) 
